Clinoptilolite is a natural zeolite mineral consisting of hydrated (Ca, Na, K, and Mg) aluminium silicate. Due to its porous structure and the net negative charge of its crystal lattice, clinoptilolite has a high adsorptive capacity and can act as a cation exchanger. Accordingly, clinoptilolite binds heavy metals.^[@CIT0001]^ Administration of micronized clinoptilolite limits the bioavailability of ingested lead and of other heavy metals.^[@CIT0004]^ Clinoptilolite and related clays have been widely used in animal husbandry; when admixed to the animal feed, clinoptilolite promotes animal weight gain.^[@CIT0005],[@CIT0006]^ The underlying mechanism is not clear, but its beneficial actions may arise from its ability to preclude the absorption of mycotoxins^[@CIT0006]^ and to reduce the presence of potentially pathogenic bacteria in the gut of treated animals.^[@CIT0009]^ At the very least, the widespread use of clinoptilolite in farm animals suggests that it can be safely administered by the oral route.^[@CIT0010],[@CIT0011]^ In addition, clinoptilolite also is innocuous when instilled into the lung.^[@CIT0012]^

Exaggerated claims are rampant in the field of clinoptilolites, such as a remedy for many different disorders including immunodeficiencies^[@CIT0013]^ and various cancers.^[@CIT0014]^ Marketing it as a panacea in alternative and complementary medicine also is not establishing a scientifically sound approach to exploring its therapeutic potential and its mechanism of action. However, randomized control trials showed that the administration of clinoptilolite and related clays reduces the incidence of and accelerates the recovery from scour (porcine endemic diarrhea) in weaning piglets^[@CIT0015]^ and protects newborn calves against diarrhea.^[@CIT0016]^ These findings suggest that the adsorptive capacity of clinoptilolite is useful to reduce gut inflammation and to promote the recovery of the damaged epithelium. Accordingly, these findings on clinoptilolite also may represent a therapeutic option in the treatment of human inflammatory bowel diseases (IBDs).

The 2 most prevalent human chronic IBDs are ulcerative colitis (UC) and Crohn's Disease (CD); their incidence has been rising in the industrialized countries over the past 50 years.^[@CIT0017],[@CIT0018]^ The causative agents are poorly understood but it is clear that environmental (microbiome, hygiene, plant fibers, vitamin D, etc.) and genetic factors interact to drive the emergence and the progression of chronic intestinal inflammation: in fact, over 200 human gene loci have been identified that are associated with an increased susceptibility to IBDs.^[@CIT0019],[@CIT0020]^ Some aspects of the underlying pathophysiology can be recapitulated in animal models of intestinal inflammation. Here, we examined the hypothesis that the adsorptive actions of clinoptilolite are useful to promote recovery of the intestinal epithelium in a murine model of IBD triggered by the administration of dextran sulphate sodium (DSS).^[@CIT0021]^ Our experiments were designed to obtain evidence for efficacy by comparing 2 preparations of micronized clinoptilolite that differ in average particle size and, hence, in surface area. As posited working hypothesis, the microparticulate clinoptilolite preparation (GHC2) is assumed to be more efficacious because of its larger surface. This conjecture was first confirmed in an acute murine colitis model, which showed that the administration of microparticulate clinoptilolite was as effective as that of the reference compound 5-aminosalicylic acid in promoting the recovery from intestinal inflammation. In addition, we subsequently verified the safety of this microparticulate fraction by prolonged administration to animals with a sustained DDS-induced intestinal inflammation.

MATERIALS AND METHODS {#s5}
=====================

Unless indicated otherwise, chemicals were of analytical grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation and Characterisation of Clinoptilolite {#s6}
--------------------------------------------------

The raw material (clinoptilolite-tuff) originates from the mining site Nizny Hrabovec in the Slovak Republic. After extraction from the mine, the raw material was coarsely crushed to select solely pieces containing no postvolcanogenic Mn/Fe-oxide crusts for further purification steps. The clean raw material underwent detailed quality inspections before it was subsequently released to a validated high quality controlled and well-documented refining process. After the mechanical conditioning steps, the naturally bound heavy metals in the raw material were depleted through a patented process (US patent number 8173101). Finally, the purified clinoptilolite was micronized (d~50~ = 3.6 µm) and subjected to dry heat for 2 hours at 160°C. Its particle size distribution was measured by laser diffraction analysis (Mastersizer 2000, Malvern Instruments, England). The final product was defined as standard clinoptilolite (referred to as GHC1). To prepare the microparticulate clinoptilolite (=GHC2), a suspension of GHC1 particles in water at a concentration of 10% (wt/vol) was centrifuged for 10 minutes at 200*g*. The supernatant, containing particles smaller than 1 µm, was collected and concentrated by centrifugation for 30 minutes at 3000*g*. The chemical composition of clinoptilolite samples was determined after microwave-assisted hydrofluoric acid pressure digestion in a Multiwave 3000 (Anton Paar GmbH; Graz, Austria) by inductively coupled plasma-mass spectrometry/ICP-MS (Elan DRC-e; Perkin Elmer, USA). Beyond those methods, the mineralogical composition of the material used in the study was confirmed and controlled via X-ray diffraction (Bruker D8 Venture, Bruker, USA).

### Sample preparation of clinoptilolite particles for scanning electron microscopy {#s7}

Particles of clinoptilolite were suspended in water at a concentration of 100 mg/ml and treated in an ultrasonic bath for 10 seconds (Sonorex RK 52 H, Bandelin, Germany). The suspension was further diluted to 1:100 (vol/vol) with methanol and ultra-sonicated for another 10 seconds. Nucleopore filter membranes with a pore size of 0.1 µm were placed into centrifugal filter units (VWR; Vienna, Austria). Methanol (193 µl) and the clinoptilolite suspension (7 µl) were mixed, pipetted onto the filter, and centrifuged for 2 minutes at 5000*g*. The filters were then mounted on carbon adhesive tabs (Science Services; Munich, Germany) placed on aluminium pins (Science Services, Germany).

All samples were dried under ambient conditions, sputter-coated with gold (Cressington Sputter Coater 108 auto, Cressington Scientific Instruments Ltd., Watford, UK) and analyzed with a Tescan Vega Series Scanning Electron Microscope (Tescan, Brno; Czech Republic) operated at 15.0 kV.

DSS-induced Acute and Chronic Colitis {#s8}
-------------------------------------

In the acute colitis model, male Swiss-Webster mice, aged between 10--14 weeks, were purchased from Harland Laboratories (NL) and housed in the animal facilities of the University of Córdoba (Córdoba, Spain) under controlled conditions (12 hour light/dark cycle; temperature 20 ± 2°C, and 40--50% relative humidity) with ad libitum access to standard food and water. The experiment was performed in strict adherence to the European Union guidelines and approved by the Animal Research Ethic Committee of the Córdoba University (2015PI/07). Twelve mice each were randomly assigned to the experimental groups. DSS (3% wt/vol in water; dextran sulphate sodium (DSS) Mt = 40 kDa, Sigma-Aldrich, Spain) was administered in the drinking water for 5 consecutive days (day 0 to 5). As a consequence, the animals developed the characteristics of colitis, ie, loose stools and diarrhea, anal mucus, and weight loss. From day 6 onwards, mice received by oral gavage either 5-aminosalicylic acid (5-ASA, mesalazine-positive control; 300 µL, 150 mg/kg, in water), water alone (DSS; 300 µl), standard clinoptilolite (GHC1, 30 mg/300 µl), or microparticulate clinoptilolite (GHC2, 30 mg/300 µl) twice daily with an interval of 12 hours. Control mice remained untreated during the whole duration of the study. On day 10, the mice were killed by cervical dislocation, the colon was dissected, and prepared for subsequent analysis by the Swiss roll technique. Aliquots of the samples were snap-frozen and stored at -80°C.

For chronic DSS-induced colitis male and female C57BL/6J mice (10--14 weeks of age) were obtained from Charles River (Germany). Animals were kept in a specific pathogen-free facility at the Medical University of Graz, Austria, at controlled temperature (25 ± 1°C) and humidity (50--65% relative humidity) on a 12 hour day/night cycle. This animal experiment was approved by the Austrian Ministry of Science, Research and Economy (GZ.: BMWFW-66.010/0108-WF/II/3b/2014), and animal suffering was kept to a minimum. The chow was prepared by Ssniff (Soest; Germany) by mixing standard chow with 10% (wt/vol) of microparticulate clinoptilolite (GHC2) suspension in ultrapure water at a concentration of 20% (wt/vol), yielding a final concentration of 2% clinoptilolite in chow. Control animals received standard chow (Ssniff) with 8% admixed tap water to account for the addition of water in the treatment. The chow was sterilized by γ-irradiation (25 kGy) and stored at room temperature until use. Mice were randomly allocated to 3 groups of 10 male and 10 female mice: the first group was designated as control group and received no treatment. The second and the third groups were exposed to DSS in drinking water to induce colitis: the animals received DSS (2% in the drinking water, which was provided ad libitum) every other week, starting with the second week, ie, in weeks 2, 4, and 6. In week 8, animals received 3% DSS in the drinking water. The first (=control group) and the second group (DSS-treated group) received regular chow, which had been supplemented with 8% water to match the water content of the experimental diet. The third group was fed with chow supplemented with 2% clinoptilolite and 8% water. The animals were killed after 9 weeks: mice were anesthetized with 2% isoflurane and killed by exsanguination via heart puncture. Organs (caecum, colon, spleen, liver, kidney, and brain) were removed. Colon length was measured before it was opened lengthwise, the colon content was sampled, and the colon mucosa carefully rinsed with ice-cold PBS (Phosphate Bufferered Saline) to remove most of the attached luminal content (stool and clinoptilolite). The tissue was fixed in formalin and subsequently embedded in paraffin for histopathological examination or fixed for electron microscopy (see below---Tissue Histopathology).

Real-time PCR {#s9}
-------------

Total RNA was isolated from the distal colon tissue using the RNAeasy Mini Kit (Qiagen, Germany) according to the instructions of the manufacturer. One μg of RNA was retrotranscribed using the iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), and the cDNA was analyzed by real-time PCR, using the iQTM SYBR Green Supermix (Bio-Rad, Germany). Real-time PCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad, Germany). Primers for interleukin-1β (IL-1β), interleukin-6 (IL-6), tumour necrosis factor-α (TNF-α), and GAPDH were used (see [Supplemental Digital Content 1, SDC1](#sup1){ref-type="supplementary-material"}, which lists the respective forward and reverse primers).

Primer efficiency was verified by serial dilutions. The GAPDH housekeeping gene was used to standardize the mRNA expression levels in each sample. The amplification of GAPDH required about 20 cycles to reach the detection threshold; this number was subtracted from the cycle threshold for the amplification of the 3 cytokines.

Tissue Histopathology {#s10}
---------------------

Tissues were fixed in buffered formalin (4% formaldehyde in 10 mM phosphate buffer, pH 6.8; Sigma-Aldrich, Austria), processed, and embedded in paraffin. Sections (5 µm thick) were stained with hematoxylin and eosin (H&E; Sigma-Aldrich, Austria) and coded. The histopathological evaluation was performed by board-certified pathologists (Simone Tangermann, Lukas Kenner) in a blinded fashion. A scoring system was established based on 5 histological parameters to quantify the extent and severity of tissue damage: (i) destruction of epithelium and glands (0 = normal, 1 = focal destruction of epithelial surface and/or crypts, 2 = zonal destruction of epithelium surface and/or crypts, and 3 = wide ulcerations that involve mucosa and submucosa). (ii) dilation of glandular crypts (0 = normal, 1 = focal dilation, 2 = zonal dilation, and 3 = wide dilation). (iii) depletion or loss of goblet cells (0 = no depletion, 1 = slight loss, 2 = mild loss, and 3 = wide loss). (iv) infiltration of inflammatory cells (0 = no infiltration, 1 = subepithelial infiltration at the level of lamina propria, 2 = infiltration extending to lamina muscularis mucosae, and 3 = wide infiltration that involves submucosa). (v) inflammatory cell distribution (0 = normal, 1 = mild inflammation, 2 = more widely distributed inflammation, and 3 = extensively widely distributed inflammation). The histological score corresponds to the sum of the points assigned to each individual parameter. The maximum possible score was 15.

Transmission Electron Microscopy {#s11}
--------------------------------

Organs were fixed in 2.5% glutaraldehyde/4% formaldehyde in Tris-HCl (10 mM, pH = 7.4, VWR, Austria) and stored at 4°C until further treatment. Samples were postfixed for 20 minutes at room temperature with 1% osmium tetroxide in water (Science Services, Germany). Dehydration in a graded ethanol series (0-30-50-70-90-95-100%, VWR, Austria) was followed by a stepwise embedding in epoxy resin (EMbed-812 Kit, Electron Microscopy Sciences, USA). Polymerization was performed at 60°C for 2 days in beem capsules (easy-molds, Electron Microscopy Sciences, USA). Semithin sections were cut with an EM UC6 ultramicrotome (Leica Microsystems, Vienna, Austria) and stained with 0.5% Azur II and 1% methylene blue in 1% sodium borate (Sigma-Aldrich, Austria). Ultrathin sections were transferred to copper grids (Science Services, Germany) and stained for 15 minutes in uranyl acetate (Science Services, Germany) and for 5 minutes in lead citrate (Science Services, Germany), each at room temperature. Grids were analyzed with a Tecnai twin G20 transmission electron microscope (FEI Company, Eindhoven, The Netherlands) equipped with a LaB6 cathode and operated at 120 kV.

Microbiome Analysis {#s12}
-------------------

Colon contents were sampled after killing directly from the colon/rectum (1--2 most distal pellets) and stored at -80°C until analysis. DNA was extracted from stool samples following the recommended procedures using the Magnapure Bacterial DNA Kit (Roche, Austria) and a Hamilton Starlet workstation (Hamilton Robotics, Bonadur, Switzerland). DNA concentration was measured by PicoGreen fluorescence (Thermo Fisher Scientific, Waltham, MA, USA). The variable V1--V2 region of the bacterial 16S rRNA gene was amplified by PCR from DNA (50 ng) using oligonucleotide primers 16S_515_S3_fwd: GATTGCCAGCAGCCGCGGTAA and 16S_806_S2_rev: GGACTACCAGGGTATCTAAT. This 16S rDNA region was chosen because it gives robust taxonomic classification and has been shown to be suitable for community clustering.^[@CIT0022]^ Bacterial 16S rRNA was amplified with the Mastermix 16S Complete PCR Kit (Molzym, Bremen, Germany). The first PCR product was subjected to a second round of PCR with primers fusing the 16S primer sequence to the A and P adapters necessary for Ion Torrent sequencing while additionally including a molecular barcode sequence to allow multiplexing of up to 96 samples simultaneously. PCR products were subjected to agarose gel electrophoresis and the band of the expected length (330 nt) was excised from the gel and purified using the QiaQuick gel extraction system (Qiagen, Hilden, Germany). DNA concentration of the final PCR product was measured by PicoGreen fluorescence. Equimolar amounts of amplicons were pooled from up to 60 samples and subjected to emulsion PCR using the Ion Torrent One Touch 2.0 Kit according to manufacturer's protocols. After emulsion PCR, the beads were purified on the Ion ES station and loaded onto Ion Torrent 318 chips for sequencing. Sequencing reactions were performed on the Ion Torrent PGM using the Ion 400BP Sequencing Kit running for 1,082 flows (all reagents from ThermoFisher Scientific, MA, USA). Sequences were split by barcode and transferred to the Torrent suite server. Unmapped BAM files were used as input for bioinformatics analyses. All sequences were initially trimmed by a sliding window quality filter with a width of 20 nt and a cutoff of Q20. Reads shorter than 100 nucleotides and reads mapping to the human genome were removed using the DeconSeq tool.^[@CIT0023]^ The resulting reads were subjected to error correction using the Acacia tool,^[@CIT0024]^ leading to error correction in 10--20% of reads. Subsequently PCR chimeras were removed by usearch algorithm in de novo and reference-based settings.^[@CIT0025]^ The final sequence files were then analyzed by QIIME 1.8 workflow scripts.^[@CIT0026]^ OTU (operational taxonomic unit) search was performed using the parallel_pick_open_reference_otus workflow script and the greengenes 13_8 reference database (<http://qiime.org/scripts/pick_open_reference_otus.html>). OTUs were visualized as OTU tables, bar charts, and PCoA (principal component analysis) plots using the QIIME core microbiome script. Additionally, groupings supplied in the mapping file were tested for statistical significance using the QIIME implementation of the Adonis test and significance of individual bacterial strains was determined by Kruskal-Wallis test. LEfSe analysis^[@CIT0027]^ was performed to detect statistically relevant strains in several of the study groups.

RESULTS {#s13}
=======

Two Clinoptilolite Preparations Differed in Particle Size but Had an Identical Chemical and Mineralogical Composition {#s14}
---------------------------------------------------------------------------------------------------------------------

Clinoptilolite minerals can be contaminated with trace amounts of toxic alkaline earth metals (eg, barium), heavy metals (eg, lead, mercury), and/or arsenic. These contaminants can be depleted from clinoptilolite by ion exchange procedures. We characterized the final preparations, which were produced by ion exchange followed by micronizing to generate a coarse-grained (GHC1), and an additional centrifugation step to produce a microparticulate (GHC2) preparation. The morphology and the surface characteristics of clinoptilolite particles were inspected using a scanning electron microscope whereas the size was measured by laser diffraction analysis. With the exception of the size, both powders were indistinguishable ([Fig. 1](#F1){ref-type="fig"}).

![Scanning electron microscopic view of powdered standard (GHC1, left hand image) and microparticulate (GHC2, right hand image) clinoptilolite. Samples were prepared as outlined under Materials and Methods, coated with gold, and imaged under a Tescan Vega Series Scanning Electron Microscope at a magnification of 4910-fold (left hand image) and 18,760-fold (right hand image). The scale bars correspond to 20 µm and 5 µm in the left and right hand images, respectively.](izx04201){#F1}

The particle size distribution of the two clinoptilolite preparations is shown in [Table 1](#T1){ref-type="table"}. In the standard clinoptilolite powder (GHC1), 90% of the population of particles were below 6.7 µm, 10% were below 1.5 µm, and the median size was at 3.56 µm. In contrast, the microparticulate preparation (GHC2) was composed predominantly of particles of a median size of 0.34--0.39 µm, which were averaging about 1 10th in size of the standard powder (GHC1) with 90% of the particles smaller than 1 µm.

###### 

Particle Size Distribution of Standard and Microparticulate Clinoptilolite

  Mean diameter                                              d~10~ µm      d~50~ µm      d~90~ µm
  ---------------------------------------------------------- ------------- ------------- -------------
  Standard clinoptilolite GHC1                               1.48 ± 0.02   3.56 ± 0.05   6.70 ± 0.11
  Microparticulate clinoptilolite GHC2 (acute DSS-model)     0.19 ± 0.00   0.39 ± 0.00   1.09 ± 0.00
  Microparticulate clinoptilolite GHC2 (chronic DSS-model)   0.17 ± 0.00   0.34 ± 0.00   1.01 ± 0.00

Clinoptilolite was micronized to generate powdered preparations GHC1 and GHC2 as outlined under Materials and Methods. The size of the particles was determined by Mie scattering in a Malvern Mastersizer 2000; d~10~, d~50~, and d~90~ define the diameter under which 10%, 50%, and 90%, respectively, of the volume fraction are found. Diameter is given as median size ± standard deviation (n = 3). The 2 preparations of microparticulate clinoptilolite GHC2 used in the acute and chronic DSS model were characterized independently to verify that they were comparable.

The chemical composition of the standard powder (GHC1) is summarized in [Table 2](#T2){ref-type="table"}. The bulk of the material was identified as aluminium silicate with cations (ie, Na^+^, K^+^, Mg^2+^, and Ca^2+^) trapped in it. Ion exchange resulted in the depletion of toxic metals and metalloids: accordingly, the final levels of lead, barium, manganese, and arsenic were 2.23 ± 0.02, 57.9 ± 0.3, 13.9 ± 0.2, and 0.65 ± 0.03 μg/g, respectively. The mineralogical and chemical compositions of standard (GHC1) and microparticulate clinoptilolite (GHC2) were comparable to each other.

###### 

Chemical Composition of Standard and Microparticulate Clinoptilolite

              \% of Total Mass                       
  ----------- ------------------------ ------------- -------------
  SiO~2~      71.6 ± 5.0               70.5 ± 1.6    71.0 ± 0.7
  Al~2~O~3~   13.4 ± 0.2               12.6 ± 0.1    13.0 ± 0.3
  MgO         0.4 ± 0.0                0.5 ± 0.0     0.5 ± 0.0
  Na~2~O      0.6 ± 0.0                0.1 ± 0.0     0.1 ± 0.0
  K~2~O       1.3 ± 0.0                2.1 ± 0.0     2.0 ± 0.0
  CaO         4.2 ± 0.1                3.5 ± 0.0     3.4 ± 0.1
              Concentration \[µg/g\]                 
  As          0.65 ± 0.03              1.33 ± 0.17   2.36 ± 0.12
  Ba          57.9 ± 0.3               21.1 ± 1.8    31.7 ± 1.5
  Pb          2.23 ± 0.02              1.94 ± 0.15   2.26 ± 0.11

The chemical analysis was done by ICP-MS as outlined under Materials and Methods. Bulk elements (upper part of the table) are given as % of total mass; trace contaminants (lower part of the table) as µg/g. The microparticulate preparations used in the acute and chronic DSS model were characterized independently to verify that they were comparable.

Microparticulate Clinoptilolite Preparation Mitigated Intestinal Inflammation in an Acute Colitis DSS Mouse Model {#s15}
-----------------------------------------------------------------------------------------------------------------

Several bacterial species are adsorbed by clinoptilolite and other zeolites.^[@CIT0028],[@CIT0029]^ We confirmed that our clinoptilolite preparation bound several bacterial species, mycotoxins, and inflammatory mediators in vitro: see [Supplemental Digital Content 2 (SDC2)](#sup2){ref-type="supplementary-material"} and [Supplemental Digital Content 3 (SDC3)](#sup3){ref-type="supplementary-material"}, which show---as representative examples---the adsorption of *Enterococcus cloacae* and of TNF-α, respectively, to microparticulate clinoptilolite (GHC2). A factor, which contributes to the pathophysiology of IBD, is the enhanced permeability of the epithelial barrier, which allows for the leakage of bacterial fragments.^[@CIT0030]^ The enhanced permeability can be recapitulated by the administration of DSS in mice.^[@CIT0033],[@CIT0034]^ Prolonged administration of clinoptilolite to human subjects induces changes in surrogate markers indicative of an improved epithelial barrier.^[@CIT0035]^ Accordingly, we explored the possibility that the administration of clinoptilolite mitigates the course of DSS-induced bowel inflammation. After 5 days of exposure to 3% DSS in the drinking water, all mice experienced diarrhea and weight loss (by about 1 g). The animals were subsequently treated twice daily by oral gavage with standard (GHC1) or microparticulate clinoptilolite (GHC2) at a dose of 30 mg/300 µl. Healthy mice served as control and showed an intact histology ([Fig. 2A](#F2){ref-type="fig"}). In the DSS group, which received only vehicle (=300 µl water) by gavage, the damage was most extensive: ulcerations of the mucosa and submucosa were present and the infiltration of inflammatory cells extended in most of the samples to the submucosa ([Fig. 2B](#F2){ref-type="fig"}) resulting in an average score of 9 ([Fig. 2C](#F2){ref-type="fig"}). In mice exposed to DSS and subsequently treated with standard powdered clinoptilolite (GHC1), the histological lesions were comparable ([Fig. 2D](#F2){ref-type="fig"}) to those seen in animals solely exposed to DSS. Accordingly, the mean histological score (8.75) was similar in magnitude ([Fig. 2C](#F2){ref-type="fig"}). In mice, which were administered DSS and the microparticulate powered clinoptilolite GHC2, the histological lesions were milder: ulcerations of the epithelium were only seen occasionally and inflammatory cells were rarely present in the submucosa ([Fig. 2E](#F2){ref-type="fig"}). Accordingly, the histological damage score was significantly improved, when compared to both, DSS- and DSS+GHC1-treated animals. In fact, the beneficial action of GHC2 was comparable to that achieved by 5-aminosalicylic acid (ASA), which was used as reference treatment ([Fig. 2F](#F2){ref-type="fig"}). Consequently, the histological scores were comparable in GHC2- and 5-aminosalicylic acid-treated animals ([Fig. 2C](#F2){ref-type="fig"}).

![Representative images of histological sections through colon specimens from untreated control mice (A), mice exposed to 3% DSS in the drinking water for 5 days (B), mice exposed to 3% DSS and subsequently treated for 5 days with standard powdered clinoptilolite (GHC1; C), with microparticulate clinoptilolite (GHC2; D) or with 5-aminosalicylic acid (ASA; E) and the summary of the histological score (F). Paraffin-embedded sections were stained with hematoxylin and eosin and examined by microscopy to obtain a histological score for each animal (individual values and means ± S.D. are indicated in Panel F) as outlined under Materials and Methods. The DSS group showed extensive damage (B) and an elevated damage score (C). Whereas GHC1 failed to significantly attenuate the inflammation (D), GHC2 showed only mild inflammation (E) and a significantly lower damage score (C). 5-ASA, used as positive control, mitigated the inflammation similar to GHC2 (C and F). Healthy mice, used as control, showed no signs of inflammation (A and C). The statistical comparison was done by ANOVA followed by Tukey's posthoc test, which showed that there was a significant difference between the following groups: GHC2 vs. DSS (*P* = 0.025), GHC2 vs. GHC1 (*P* = 0.045), ASA vs. DSS (*P* = 0.0025) and ASA vs. GHC1 (*P* = 0.005). For all groups with the same letter, the difference between the means was not statistically significant. If 2 groups have different letters, they were significantly different (*P* \< 0.05).](izx04202){#F2}

Decreased inflammation was also seen in the expression profile of proinflammatory cytokines assessed by RT-PCR. Exposure of animals to DSS resulted in elevated levels of transcripts (reduced cycle thresholds ΔC~t~ in Fig. 3) for interleukin-1β (IL-1β, [Fig. 3A](#F3){ref-type="fig"}), interleukin-6 (IL-6, [Fig. 3B](#F3){ref-type="fig"}), and tumour necrosis factor-α (TNF-α, [Fig. 3C](#F3){ref-type="fig"}) in the gut tissue. The levels of IL-1β ([Fig. 3A](#F3){ref-type="fig"}) and IL-6 ([Fig. 3B](#F3){ref-type="fig"}) transcripts were reduced in a statistically significant manner by treatment of mice with both the standard (GHC1) and the microparticulate (GHC2) preparations of clinoptilolite and by administration of 5-aminosalicylic acid, but GHC2 was superior to GHC1: administration of GHC2 caused a significantly larger reduction in IL-6 transcript levels than GHC1 ([Fig. 3B](#F3){ref-type="fig"}). In contrast, the levels of TNF-α were not affected by any treatment regimen ([Fig. 3C](#F3){ref-type="fig"}).

![Quantification of transcripts for interleukin-1β (IL-1β, A), interleukin-6 (IL-6, B) and tumour necrosis factor-α (TNF-α, C). Total RNA was extracted from the distal colon of the animals used in [Figure 2](#F2){ref-type="fig"}, reverse transcribed and amplified using the primers listed under Materials and Methods. The internal standard was GAPDH, the cycle threshold for GAPDH (about 20 cycles) was subtracted to yield ΔCt-values, which were normalized to the mean of the control animals. Shown are the resulting ΔΔCt-values for each amplicon. Box plots show the median and the interquartile range, whiskers indicate the 95% confidence interval. The statistical comparison was done by ANOVA or by a Kruskal-Wallis test followed by pairwise multiple comparison with the Holm-Sidak procedure or by Dunn's posthoc test (as appropriate): the statistical analysis showed that---when compared to DSS-treated animals---GHC2, GHC1 and 5-aminosalicylic acid (ASA) significantly (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001) reduced the amplicons of IL-1β (A) and IL-6 (B) but not of TNF-α (C).](izx04203){#F3}

Microparticulate Clinoptilolite Fraction Was Well Tolerated in a Murine Chronic Colitis DSS Model {#s16}
-------------------------------------------------------------------------------------------------

Taken together, the experiments summarized in [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} showed that clinoptilolite had some beneficial action in DSS-induced colitis. The efficacy of the microparticulate preparation (GHC2) was more pronounced than that of GHC1 such that not only did it mitigate biochemical markers of inflammation but also it affected epithelial damage quantifyably. GHC2, however, is composed of very small particles. Upon repeated administration, these submicron particles could possibly elicit untoward effects by breaching the epithelial barrier and/or by accumulating in macrophages of Peyer's patches.^[@CIT0036],[@CIT0037]^ We tested for toxic effects by applying clinoptilolite particles to a monolayer of Caco-2 cells. This human cell line is derived from a colonic adenocarcinoma and, when grown in culture under appropriate conditions, recapitulates key features of the human small intestinal epithelial layer.^[@CIT0038]^ We neither observed any effect on cell viability nor transepithelial transport of clinoptilolite particles (data not shown). However, the tight epithelial layer of Caco-2 cells in culture is unlikely to recapitulate the leaky lining of the chronically inflamed intestine. We therefore exposed mice to repeated challenges with DSS and treated them chronically with GHC2: the animals were treated for 9 weeks every other week with DSS in their drinking water (ie, for 4 cycles of DSS, see schematic representation in [Fig. 4A](#F4){ref-type="fig"}) and received clinoptilolite via their chow throughout the same period. The resulting chronic inflammation led to a substantial shortening of the colon: as can be seen in [Figure 4B](#F4){ref-type="fig"}, colon length in male and female DSS-treated animals was reduced by 46% and 34%, respectively. Mice that received clinoptilolite were partially protected from DSS-induced colon shortening. The effect was more pronounced in female mice, whereas the difference between mice solely exposed to DSS and those receiving GHC2 in addition was statistically significant (ANOVA followed by Holm-Sidak multiple comparisons, *P* = 0.007). In contrast, in male mice, this difference failed to reach the threshold of statistical significance (*P* = 0.10). We separately verified with a cohort of healthy control mice that the chronic ingestion of clinoptilolite via the fortified chow per se did not affect food intake (data not shown).

![Partial protection of mice by microparticulate clinoptilolite GHC2 against colon shortening induced by chronic exposure to DSS. (A) schematic representation of the DSS-treatment regimen received by mice of the DSS and GHC2 group. Mice were exposed every other week to DSS (2% or 3% as indicated) and received regular chow (DSS) or chow fortified with 2% (wt/wt) microparticulate preparation GHC2 (+GHC2). Control mice were not challenged with DSS and received regular chow. (B) After 9 weeks the animals were killed, the colon was dissected, and its length determined. Shown are the individual values and a boxplot with the median and interquartile range (whiskers indicate the maxima and minima). The statistical comparison was done by ANOVA followed by pairwise multiple comparison with the Holm-Sidak procedure, which showed that---when compared to DSS-treated animals---GHC2 significantly (*P* = 0.001) blunted colon shortening in female animals; in male animals the difference did not reach the threshold of statistical significance (*P* = 0.10). For all groups with the same letter, the difference between the means was not statistically significant. If two groups have different letters, they were significantly different (*P* \< 0.05). Males were not compared to females.](izx04204){#F4}

Intestinal Layers and Liver of Mice Chronically Exposed to Microparticulate Clinoptilolite Preparation Were Devoid of Particles {#s17}
-------------------------------------------------------------------------------------------------------------------------------

Because of the small size of the clinoptilolite particles in GHC2, they could not be readily detected by light microscopy. However, they could be visualized by transmission electron microscopy of ultrathin sections due to the high density of their crystal structure. This is exemplified in [Figure 5A](#F5){ref-type="fig"}. Clinoptilolite particles were readily identified in the intestinal lumen. This unequivocally demonstrated that the approach was, in principle, suitable for the detection of clinoptilolite particles in biological samples without the need for specific labeling. Accordingly, we investigated the possibility that clinoptilolite particles cross the gut barrier through uptake by enterocytes or transport in the lymph follicles. For this purpose, the intestines of mice chronically treated with both DSS and GHC2 particles were embedded in epoxy resin and semisectioned until the section plane crossed at least one lymph follicle. Ultrathin sections were prepared, contrasted, and inspected by transmission electron microscopy. No clinoptilolite particle was observed in the epithelial layer (not shown). Similarly, no particle was visible in the lymph follicles ([Fig. 5B](#F5){ref-type="fig"}). We stress that 48 sections were examined and we did not detect a single clinoptilolite particle---neither in immune cells nor in the extracellular compartment of the lymph follicles. Interestingly, in the gut lumen, clinoptilolite particles were typically found at some distance from the microvilli covering the epithelium rather than in close contact to the epithelium ([Fig. 5A](#F5){ref-type="fig"}). This indicates that they probably cannot readily penetrate the mucus layer.

![Detection of clinoptilolite particles in the gut lumen (A) but not in intestinal lymph nodes (B) by transmission electron microscopy. Samples were processed and sectioned as outlined under Materials and Methods and examined by transmission electron microscopy under 10,000-fold (A) and 3100-fold magnification (B). Panel A: clinoptilolite particles were visible in the gut lumen along with bacteria. Panel B: ultrastructure of an intestinal lymph follicle showing lymphocytes (L) and macrophages (M). Scale bars in panels A and B indicate 2 µm and 5 µm, respectively.](izx04205){#F5}

If clinoptilolite particles did cross the intestinal barrier, they would either enter the systemic circulation directly via capillaries or indirectly via lymphatic vessels. In either case, the particles ought to be eventually bound to and phagocytosed by Kupffer cells in the liver, because they are too large for renal filtration. Hence, we explored the possibility of clinoptilolite reaching the liver by preparing sections of mouse livers for transmission electron microscopy. Ten ultrathin sections from 10 different livers were examined. None revealed a single clinoptilolite particle (not shown). Taken together, the results indicate a very low probability that clinoptilolite particles cross the intestinal barrier and are distributed systemically.

Administration of Microparticulate Clinoptilolite Preparation Modified Stool Microbiome in Chronic Colitis DSS Mouse Model {#s18}
--------------------------------------------------------------------------------------------------------------------------

PCoA based on the unweighted unifrac distances after 16S-rRNA sequencing revealed a clear separation of the 3 experimental groups (see [Fig. 6A](#F6){ref-type="fig"} showing a plot of the 3 components that contribute most to the group differences). LEfSe analysis calculates the effect size for each OTU and assigns statistical significance via the linear discriminant analysis (LDA) score.^[@CIT0027]^ Graphical representation of taxonomic units with a significant LDA score in a cladogram ([Fig. 6B](#F6){ref-type="fig"}) showed a clear separation of the 3 treatment groups. The cladogram displays taxonomic groups with significant LDA score from phylum level (innermost circle) down to familia level (outermost circle). The phylum *Deferribacteres* showed a significant LDA score from the phylum level down to the species level establishing an almost exclusive presence of this phylum in the DSS group. Similarly, *Verrucomicrobia* were mostly present in the DSS group. The *Bacteroidetes* phylum was abundant in the control group indicating a reduction of this phylum in both, DSS- and DSS+GHC2-treated animals with only few *Bacteroidetes* familiae overrepresented in these mice.

![Microbiome analysis. (A) Principal component analysis (PCoA) of the microbiome composition of controls (green), DSS (red) and GHC2 (blue), based on unweighted unifrac distances. The three principal components (PC) that account most for the variation are shown (PC1 accounts for 14%, PC2 for 7%, and PC3 for 6% of total variation). Axes show the fractional value of the principal component. (B): Cladogram resulting from LEfSe analysis representing the phylogenetic tree of the taxonomic units. Coloring represents the experimental group with significant LDA score (controls---green; DSS---red; GHC2---blue; no significant score---yellow). Overall shading of branches indicates the experimental group that significantly changed in this branch. Symbol color intensity represents the effect size of individual taxa, size of the symbols is proportional to the abundance of the taxon. (C) Familiae most significantly changed by the treatment; box plots indicate median and interquartile range, whiskers denote the 95% confidence interval; symbols indicate the relative abundance in individual animals. Differences within a familia were assessed for their statistical significance by ANOVA or Kruskal-Wallis test followed by pairwise multiple comparison with the Holm-Sidak procedure or Tukey's posthoc test, respectively: the most conspicuous differences were the DSS-induced reduction in *Prevotellaceae* (\*, *P* \< 0.001 vs. control and *P* \< 0.05 vs. DSS+GHC2-treated animals), the abundance of *Lactobacillaceae* in control animals (\#, *P* \< 0.05 vs. DSS- and DSS+GHC2-treated animals), the overrepresentation of *Deferribacteraceae* in DSS-treated animals (+, *P* \< 0.05 vs. control), the reduction of *Lachnospiraceae* in DSS+GHC2 treated animals (+, *P* \< 0.05 vs. control), the increase in *Porphyromonadaceae* in DSS+GHC2 treated animals (+, *P* \< 0.05 vs. control), and the overrepresentation of *Verrucomicrobiaceae* in DSS- and DSS+GHC2-treated animals (§, *P* \< 0.01 and *P* \< 0.05 for control vs. DSS- and vs. DSS+GHC2-treated animals, respectively).](izx04206){#F6}

Statistical testing by Adonis confirms the significant differences between the 3 groups (overall *P* \< 0.001). DSS treatment resulted in a significant reduction in *Prevotellaceae* ([Fig. 6C](#F6){ref-type="fig"}; 28.8% in controls, 15.6% in the DSS group). The reduction was prevented by simultaneous administration of GHC2 (24.8%, *P* \< 0.01 for variation between all groups, 1-way ANOVA). Similarly, the increase of *Deferribacteriaceae* in the DSS group was prevented by GHC2 treatment, although the variation between groups was not significant (*P* = 0.1). The changes in abundance of *Lactobacillaceae*, *Porphyromonadaceae* GHC1; C *Verrucomicrobiaceae* were refractory to GHC2 treatment. Overall, a reduction of the [phylum]{.ul}*Bacteroidetes* was observed only in the DSS group (62.2% in controls, 53.7% in the DSS group, *P* \< 0.05) and not in the GHC2 group (61.9%, *P* = 1), and was mainly explained by the reduction of *Prevotellaceae* as indicated above.

DISCUSSION {#s19}
==========

The breakdown of the epithelial barrier and/or the protective mucus layer is thought to be a crucial step in the pathogenesis of human IBD.^[@CIT0039],[@CIT0040]^ Repeated administration of DSS to mice or rats^[@CIT0021]^ results in increased permeability, which triggers a profound inflammatory response and thus recapitulates several aspects of IBD in human subjects.^[@CIT0034],[@CIT0041],[@CIT0042]^ Compounds that adsorb toxic bacterial products are predicted to tip the balance between inflammatory damage to and regeneration of the epithelium, provided that their adsorptive capacity is large enough.^[@CIT0043]^ Therefore, in the present study, we explored 2 preparations of finely ground clinoptilolite, which differed in size but not in mineralogical or chemical composition. Our observations show that the microparticulate preparation GHC2 was more effective than the standard preparation GHC1 in remedying the DSS-induced inflammation and intestinal damage: the action of GHC1 only sufficed to blunt the induction of IL-1β and IL-6 mRNA expression, but it failed to affect the histological signs of colonic inflammation. In contrast, GHC2 reduced both the accumulation of transcripts encoding IL-1β and IL-6 and the histological damage score in a statistically significant manner. In fact, the lower efficacy of GHC1 was evidenced by the more limited decrease in IL-6 mRNA expression compared to GHC2. The efficacy of GHC2 was comparable to that of the reference compound 5-aminosalicylic acid (mesalazine). The difference between the two clinoptilolite preparations can be rationalized by considering the increase in surface area and hence in the adsorptive capacity, which is associated with a 10-fold reduction in particle size.

There is little evidence to suggest that the clinoptilolite preparations exerted their effects by any mechanism of action other than their adsorptive capacity. This conclusion is based on the following arguments (i) We verified that the chemical purification procedure had reduced the contamination with trace elements to negligible levels. It is therefore unlikely that the anti-inflammatory actions were due to the actions of leached metals or metalloids, eg, arsenic, which can modulate the activation of neutrophils^[@CIT0044]^ and other leucocytes.^[@CIT0045]^ (ii) GHC1 and GHC2 did not differ in chemical composition but in biological action. Because identical doses of GHC1 and GHC2 were administered, this again argues against a mechanism of action that is based on the release of trace chemicals. (iii) DSS-induced colitis is known to affect the gut microbiome in a profound way.^[@CIT0046]^ This finding was recapitulated in our analysis. The effect of GHC2, however, was more subtle: DSS treatment significantly reduced the *Prevotella* phylum (*Bacteroidetes*). This was prevented by administration of GHC2. The abundance of *Firmicutes* did not change in our experiments (data not shown). A decrease in the ratio of *Bacteroidetes* over *Firmicutes* has been proposed to reflect an adverse effect on the microbiome.^[@CIT0047]^ Therefore, a restoration of *Bacteroidetes* levels could be considered a beneficial action of GHC2. However, the relationship between cause and effect is unclear: GHC2 brought about a decrease in intestinal inflammation and this may suffice to elicit changes in the microbiome. Conversely, clinoptilolite may affect the growth of intestinal bacteria^[@CIT0009]^ and/or adsorb bacterial metabolites and endotoxins,^[@CIT0048]^ which could mitigate the inflammatory response. Regardless of the underlying mechanism, it appears safe to conclude that the adsorptive property of GHC2 clinoptilolite was responsible for the beneficial effect.

Particles can induce effects by their form and size rather than by their physicochemical composition. The most conspicuous example is asbestos.^[@CIT0049]^ Dietary and other ingested microparticles have been suggested to exert actions on the immune system by their uptake via macrophages, which accumulate in Peyer's patches.^[@CIT0037],[@CIT0050]^ Several uptake mechanisms have been proposed, including phagocytosis by M cells, engulfment by epithelial cells, and paracellular entry.^[@CIT0036],[@CIT0037],[@CIT0051],[@CIT0052]^ Our experiments were specifically designed to address a possible uptake of microparticulate clinoptilolite (GHC2) through the epithelium by treating mice suffering from chronic DSS-induced colitis for a prolonged time. The findings were unequivocal: transmission electron microscopy failed to detect any clinoptilolite particles in the surface epithelium, in goblet cells, and in cells belonging to deeper layers. The examination focused on the phagocytic cells in the lymph follicles in the colon and found no clinoptilolite particles. We stress, however, that clinoptilolite particles were readily detected in the gut lumen. Thus, transmission electron microscopy was sensitive enough to detect GHC2 particles as can be expected given the high density of the crystal lattice. Liver sections also were examined to determine if GHC2 did cross the intestinal barrier to enter the systemic circulation directly via capillaries or indirectly via lymphatic vessels to eventually bind to and be phagocytosed by Kupffer cells in the liver, the resident macrophages of the liver.^[@CIT0053]^ Again, our observations did not reveal any clinoptilolite particles trapped in the liver tissue. It is obviously not possible to completely rule out any systemic availability of clinoptilolite GHC2 microparticles. However, the fact that these were absent in 58 ultrathin sections puts an upper limit on the probability for clinoptilolite microparticle entry, even if the mucosal barrier is lesioned by chronic inflammation. A recent study highlighted the role of the mucus to fend off nanoparticles.^[@CIT0054]^ The fact that clinoptilolite particles were found in the gut lumen rather than on the epithelium is consistent with these earlier observations. At the very least, our observations indicate that an inflamed gut can be exposed to clinoptilolite microparticles (GHC2) for prolonged periods without incurring a major risk for uptake and intracellular accumulation of particles. Thus, the repeated oral administration of clinoptilolite was found to be safe. Whether or not it is an effective option for IBD treatment obviously requires further testing on additional models of the disease.

SUPPLEMENTARY DATA {#s20}
==================

Supplementary data are available at *Inflammatory Bowel Diseases* online.
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